RECQL5 is a member of the highly conserved RecQ family of DNA helicases involved in DNA repair. RECQL5 interacts with RNA polymerase II (Pol II) and inhibits transcription of protein-encoding genes by an unknown mechanism. We show that RECQL5 contacts the Rpb1 jaw domain of Pol II at a site that overlaps with the binding site for the transcription elongation factor TFIIS. Our cryo-EM structure of elongating Pol II arrested in complex with RECQL5 shows that the RECQL5 helicase domain is positioned to sterically block elongation. The crystal structure of the RECQL5 KIX domain reveals similarities with TFIIS, and binding of RECQL5 to Pol II interferes with the ability of TFIIS to promote transcriptional read-through in vitro. Together, our findings reveal a dual mode of transcriptional repression by RECQL5 that includes structural mimicry of the Pol II-TFIIS interaction. npg 8 9 3 a r t i c l e s
a r t i c l e s RecQ helicases constitute a family of highly conserved 3′-5′ DNA helicases that are involved in maintaining genomic stability 1 . Whereas unicellular organisms such as Escherichia coli have only a single RecQ helicase, multicellular organisms possess several RecQ homologs with non-redundant functions that unwind different kinds of potentially recombinogenic DNA structures 1, 2 . The human genome contains five helicases of the RecQ family: RecQ1, BLM (RecQ2), WRN (RecQ3), RecQ4 and RECQL5. Mutations in the genes encoding BLM, WRN and RecQ4 are associated with the hereditary disorders Bloom's syndrome 3 , Werner's syndrome 4 and Rothmund-Thomson syndrome 5 , respectively. Patients who have these syndromes experience photosensitivity, are strongly predisposed to cancers and often show signs of premature aging, emphasizing the important functions of RecQ helicases in DNA repair 6 . Although no human pathologies have been associated with mutations in RECQL5, the observation that Recql5 -/mice show increased levels of sister chromatid exchange as well as a predisposition to tumor formation strongly argues for an important role of RECQL5 in the maintenance of genomic stability 7, 8 .
RECQL5 has a crucial role at the interface of the cellular replication, transcription and recombination machineries. It physically interacts with the DNA sliding clamp PCNA, which is involved in DNA replication and repair 9 . In addition, the Mre11-Rad50-Nbs1 (MRN) complex, which acts as a DNA double-stranded break sensor, has been found to link RECQL5 to the DNA repair machinery 10 . Furthermore, RECQL5 interacts with RAD51 and can disrupt RAD51 filaments assembled on single-stranded DNA, thereby inhibiting homologous recombination and preventing untimely recombination events 8, 11 .
Recently, RECQL5 was found to interact directly with Pol II and to inhibit both the initiation and the elongation steps of transcription in an in vitro system [12] [13] [14] . RECQL5 is the only human RecQ helicase that can interact with Pol II, hinting at a crucial and specific role for RECQL5 in transcription regulation. The precise interaction surface on Pol II, as well as the molecular mechanisms of inhibition, remain unclear.
In addition to the canonical DExH helicase and RecQ C-terminal (RQC) domains at its N terminus, RECQL5 has a long C-terminal extension that is unrelated in sequence to any other RecQ helicase (Fig. 1a) . This extension contains two domains that enable RECQL5 to interact with Pol II: an internal Pol II-interacting domain (IRI) and a Set2-Rpb1-interacting (SRI) domain. Whereas the SRI domain binds to the phosphorylated C-terminal domain (CTD) of Pol II, the IRI interacts with both the phosphorylated and unphosphorylated forms and is therefore thought to bind to the 'core' of Pol II.
To gain insight into the molecular mechanism of transcriptional repression by RECQL5, we have defined and structurally characterized the interaction surfaces of Pol II and IRI using a combination of biochemical assays, X-ray crystallography and EM. We show that RECQL5 interacts through its IRI domain with the Rpb1 jaw domain of Pol II, whereas the RECQL5 helicase domain engages the DNA entering the Pol II downstream cleft. Mutations disrupting the RECQL5-Pol II interaction strongly impair the ability of RECQL5 to inhibit transcription in vitro. In both pulldown assays and a functional transcription read-through assay, RECQL5 competes with the general transcription elongation factor TFIIS for binding to Pol II, suggesting a dual mode of transcriptional repression by RECQL5 that relies, in part, on interference with the physiological function of TFIIS in promoting transcriptional elongation.
RECQL5 KIX domain resembles TFIIS domain II
To gain insight into the architecture of the RECQL5 IRI domain, we crystallized a fragment containing the KIX domain and the long N-terminal loop (RECQL5 515-620 ); this construct lacks the N-terminal helix αN that is necessary in addition to the KIX domain for binding to Pol II. The crystal structure, refined to a resolution of 1.9 Å (Table 1) , shows a domain-swapped dimer of two three-helix bundles connected to each other, whereby helix α1 of molecule A (α1A) interacts with helices α2 and α3 of molecule B (α2B and α3B, respectively), and vice versa ( Fig. 2a) . To determine the oligomeric state of RECQL5 515-620 in solution, we used small-angle X-ray scattering (SAXS). Analysis of scattering profiles at different concentrations showed that the RECQL5 KIX domain exists as a concentration-dependent dimer ( Supplementary Fig. 1b-d) . At low concentrations (~280 µM), the KIX domain is predominantly monomeric, but it shifts toward the dimeric state at higher concentrations (~1.4 mM). At the concentrations used for crystallization (~2 mM), the KIX domain is predominantly dimeric in solution.
To determine whether the dimeric state is a unique feature of the KIX domain or instead might also be adopted by longer RECQL5 fragments, we used SAXS analysis to determine the oligomeric state of RECQL5 1-620 ( Supplementary Fig. 1b,e ). The Porod volume of the scattering data (~115,000 Å 3 ) was consistent with the size of RECQL5 1-620 (68 kilodaltons), suggesting that full-length RECQL5 is monomeric.
Although our crystal structure shows a domain-swapped dimer, the topology of a monomeric KIX domain can be reconstructed from this model by linking helix α1A of molecule A with helices α2B and α3B of molecule B (Fig. 2b) . A search for structural homologs using the DALI server 15 revealed that the tertiary structure of monomeric KIX domain resembles domain II of the transcription elongation factor TFIIS, as observed in a co-crystal structure of backtracked yPol II in complex with TFIIS (PDB 3PO3; Fig. 2c,d) . TFIIS is an elongation factor that helps the polymerase to overcome stalling and resume elongation through transcriptional pause sites 16, 17 . Pol II stalling can occur because of nucleotide misincorporation or upon encountering DNA lesions or DNA-binding proteins. This stalling leads to Pol II backtracking and eventual arrest at the stall site 18, 19 . TFIIS resolves the paused state of Pol II by stimulating the cleavage of the backtracked RNA transcript near its 3′ end, allowing Pol II to resume transcription 20 . Additionally, TFIIS has been implicated to have a role in transcription initiation via its domain I (refs. 21, 22) . The three-helix bundles of the RECQL5 KIX domain and domain II of TFIIS align with an r.m.s. deviation of 2.7 and a Z-score of 4.4 over 65 residues. A structure-based sequence alignment shows a number of conserved npg a r t i c l e s residues between the RECQL5 KIX domain and domain II of yeast and metazoan TFIIS orthologs ( Fig. 2e and Supplementary Fig. 2 ). Domain II of TFIIS binds to the Rpb1 jaw domain of Pol II (ref. 23 ), near the RECQL5 binding site identified in the reference-free 2D class averages of the Pol II-RECQL5 1-620 complex (Fig. 1b) .
RECQL5 IRI contacts the TFIIS-binding site on Pol II
To characterize biochemically the interaction of the RECQL5 IRI domain and the Pol II Rpb1 jaw, we designed a codon-optimized construct of the Rpb1 jaw domain (human Rpb1 1168-1302 ) for recombinant expression in E. coli. The purified Rpb1 jaw domain fragment interacted with both RECQL5 1-620 and RECQL5 490-620 (the IRI domain alone) in GST pulldown assays (Fig. 3a) . The reciprocal pulldown experiment gave identical results; both GST fusions of RECQL5 1-620 and RECQL5 490-620 bound to the recombinant Rpb1 fragment. These experiments confirmed that RECQL5 IRI binds to the Rpb1 jaw domain and led us to construct a structural model of the Rpb1-IRI interaction based on the crystal structure of the Pol II-TFIIS complex (PDB 3PO3, Fig. 3b ). This model suggested that the helices α1 and α3 of the KIX domain contact the Rpb1 jaw domain in the Pol II-RECQL5 complex (Fig. 3b) .
To further define the binding interface, we tested the ability of a panel of surface mutants of the RECQL5 IRI domain to bind to the recombinant Rpb1 fragment ( Fig. 3c) . Mutations of aromatic residues in the N-terminal helix αN abolished the interaction with the Rpb1 fragment. In addition, mutations of several charged residues in helices α1 and α3 of the KIX domain led to the loss of binding. Mapping of the mutations onto the surface of RECQL5 KIX showed that residues important for the interaction are clustered in a conserved patch located close to the Rpb1 loop element in our docking model (Fig. 3b,d and Supplementary  Fig. 3 and Supplementary Fig. 4) . Notably, this patch coincides with an electropositive patch formed by residues Lys196, Arg198, Arg200 and Lys209 in yeast TFIIS ( Supplementary Fig. 2d ); single point mutations in any of these four residues drastically decrease the affinity of the TFIIS-Pol II interaction 24 . This is consistent with our observation that RECQL5 IRI domain mutants K598E and L602E, whose positions are structurally equivalent to those of yeast TFIIS K196 and R200, are impaired in their interaction with Pol II. Both RECQL5 KIX and domain II of TFIIS form three-helix bundles that are by themselves insufficient to interact stably with Pol II (Supplementary Figs. 1a and 2c) . Whereas RECQL5 requires the additional N-terminal helix αN, in TFIIS the additional element required for binding is located at the C terminus of the threehelix bundle 24 (Supplementary Fig. 2 npg a r t i c l e s
The differing topologies of the Pol II binding modules suggest that the binding sites for the two proteins overlap but are not identical ( Supplementary Fig. 2e ).
EM reconstruction of RECQL5 bound to elongating Pol II
To visualize the Pol II-RECQL5 binding interface and to study the effect of RECQL5 binding on the structure and conformation of Pol II, we determined the structure of an elongating Pol II in complex with a fragment of RECQL5 containing the N-terminal helicase, RQC and IRI domains (RECQL5 1-620 ). To stabilize the helicase domain with respect to Pol II, we used an artificial transcription bubble containing template and nontemplate strands of DNA as well as product RNA 25 . The nontemplate DNA strand contained a singlestranded overhang at its 3′ end to allow the RECQL5 helicase domain to engage to DNA entering the Pol II cleft. The helicase activity of RECQL5 was abolished by introduction of the inactivating single point mutation D157A 14 . A silver-stained gel and electron micrographs of a uranyl formate-stained Pol II-RECQL5 1-620 complex showed that the sample was stoichiometric and homogeneous ( Supplementary Fig. 5 ). Statistical analysis of reference-free 2D class averages revealed that in contrast to the Pol II-RECQL5 complex lacking the transcription bubble DNA (Fig. 1c) , the RECQL5 helicase domain is found in a narrow range of angles around its pivot point and is positioned close to the DNA downstream cleft ( Supplementary Fig. 5c,d ). We used a data set collected from the uranyl formate-stained sample to reconstruct an initial model of the complex, which we then further refined to ~13-Å resolution using a larger cryo-EM data set ( Supplementary Fig. 5 ). The 3D reconstruction of the elongating complex stalled by RECQL5 showed a clear additional density downstream of the cleft, positioned between the two Pol II jaws ( Fig. 4 and Supplementary Movie 1). Local resolution analysis revealed that this domain has a lower resolution than other parts of the complex (Supplementary Fig. 5h ), probably owing to the remaining flexibility of the helicase domain with respect to Pol II. However, the density is consistent in size with the two RecA-like domains that form the RECQL5 helicase core ( Fig. 4b) . We further observed extra density near the Rpb1 jaw, at a site that overlaps with the known binding surface for domain II of TFIIS 25, 26 . This density is large enough to accommodate the RQC domain as well as helix αN and the KIX domain of RECQL5. Using the crystal structure of the yPol II-TFIIS complex and our structural alignment between TFIIS and the RECQL5 KIX domain, we docked our crystal structure of RECQL5 KIX into this part of the EM map.
In comparison to apo-Pol II, we observed additional density in the downstream cleft corresponding to double-stranded DNA, as well as a DNA-RNA duplex in the upstream cleft close to the active site. Interaction of the RECQL5 helicase domain with the single-stranded 3′ overhang of the nontemplate strand stabilized the DNA beyond the 7 base pairs (bp) observed in the crystal npg a r t i c l e s structure and led us to model the additional double-stranded DNA as ideal B-form DNA, for a total of 11 bp.
Overall, our EM reconstruction clearly pinpoints the Rpb1 jaw domain as the interaction surface of the RECQL5 IRI domain, and it shows that once RECQL5 is tethered to Pol II through this domain, its helicase domain is located in a position that allows it to engage with DNA entering the Pol II cleft.
IRI domain orients helicase core for repression
To validate our structural model and confirm the functional significance of IRI domain mutations that result in defects in Pol II binding, we performed an in vitro transcription assay ( Fig. 5) . We used as a template the well-studied first intron of H3F3A, which encodes human histone H3. 3 (ref. 27) , which contains three defined elongation blocks, termed TIa, TIb and TII. Whereas the TIb and TII sites stall Pol II with low efficiency (≤10%), elongation is blocked with ~50% efficiency at the TIa site 20 . Owing to the presence of stall sites in the template, this assay leads to the production of three different stalled transcripts (TIa, TIb and TII) as well as the run-off transcript. To exclude the possibility that the RECQL5 helicase activity could interfere with transcription, we used the RECQL5 D157A mutant, which can interact with DNA but is unable to unwind it owing to its inability to hydrolyze ATP. In agreement with previous studies 14 , the assay demonstrated that RECQL5 1-620 D157A potently repressed transcription, confirming that the helicase activity is not required for repression. Mutant proteins that were unable to interact with Pol II in our pulldown assay were considerably less effective in repressing transcription. The RECQL5 IRI domain alone was able to repress transcription only when present in high molar excess, whereas the RECQL5 IRI K598E mutant had no repressive effect at all, further corroborating the importance of this residue for interaction with Pol II. Overall, the results indicated that specific intermolecular contacts between the RECQL5 IRI domain and Pol II, predicted by our structural model, are necessary for transcriptional repression. However, repression required both the helicase core (helicase and RQC domains) and the IRI domain, even though only the IRI domain physically interacts with Pol II. In conjunction with the structure of the Pol II-RECQL5 complex, this result suggests that the function of the IRI domain is to recruit the RECQL5 helicase core to Pol II and orient it such that it can engage the DNA template ahead of transcribing Pol II.
RECQL5 interferes with TFIIS function in elongation
The structural similarity between the RECQL5 IRI domain and TFIIS suggested that the binding of these two proteins to Pol II is mutually exclusive. To test this hypothesis, we employed a GST pulldown assay (Fig. 6a) a r t i c l e s Pol II in the absence of RECQL5, binding was abrogated when Pol II was preincubated with RECQL5 IRI. In contrast, in the presence of an IRI mutant that cannot bind to Pol II (RECQL5 K598E), Pol II was still able to associate with immobilized GST-TFIIS. Using an electrophoretic mobility shift assay, we measured the K d of the Pol II-RECQL5 1-620 complex (Supplementary Fig. 6 ). RECQL5 1-620 bound to Pol II with a K d of ~40 nM, which is comparable to the K d of 80 nM previously determined for the TFIIS-Pol II complex by the same methodology 24 .
The direct competition between RECQL5 IRI and TFIIS suggested that RECQL5 might also inhibit transcriptional elongation by blocking access of TFIIS to Pol II. To test this hypothesis, we employed a pulse-chase transcription assay to study the effect of RECQL5 1-620 D157A and RECQL5 IRI on TFIIS-mediated read-through of intrinsic stall sites in the H3F3A template DNA (Fig. 6b-f ). Transcripts initially stalled at the TIa, TIb and TII sites can be elongated to the run-off transcript in the presence of TFIIS 20, 28 . As expected, in the absence of additional factors, Pol II was stalled at the TIa, TIb and TII sites, and the stalling was overcome in the presence of TFIIS. When the RECQL5 IRI domain was titrated in, we observed increased stalling at the TIa site, indicating that the ability of TFIIS to promote readthrough was impaired in the presence of the RECQL5 IRI domain. In contrast, increasing concentrations of the K598E mutant protein had no effect, indicating that inhibition is specific and requires the interaction between Pol II and the IRI domain. We also performed this assay in the context of a fragment of RECQL5 encompassing both the helicase and IRI domains. The competitive effect of RECQL5 1-620 D157A on transcriptional read-through was slightly less pronounced than that observed for the IRI domain in isolation. This is probably due to sequestration of RECQL5 1-620 D157A by excess DNA template in the transcription reactions, which decreases the likelihood of interaction with Pol II. Taken together, these results confirm that the RECQL5 IRI domain interferes, through direct competition, with the ability of TFIIS to promote read-through of intrinsic blocks to elongation.
DISCUSSION
In this study, we have investigated the structural basis of transcription regulation by the DNA helicase RECQL5. We demonstrate that RECQL5 interacts through its IRI domain with the Rpb1 jaw domain of Pol II at a site that overlaps with the known binding site for the elongation factor TFIIS. Our crystal structure of the RECQL5 KIX domain reveals unexpected structural similarity with domain II of TFIIS. Furthermore, we show that binding of RECQL5 and TFIIS to Pol II is mutually exclusive and that binding of RECQL5 to Pol II interferes with the ability of TFIIS to promote elongation through transcriptional stall sites in vitro. Our cryo-EM reconstruction of elongating Pol II in complex with RECQL5 shows that the KIX domain positions the RECQL5 helicase core to engage template DNA that enters the active site of Pol II. In agreement with this model, specific structure-based mutations in the IRI domain impair the ability of RECQL5 to repress transcription in vitro. Taken together, these results provide structural and mechanistic insights into RECQL5 function in transcriptional control and suggest that RECQL5 inhibits transcription through two concerted mechanisms. npg a r t i c l e s
Dual mechanism of RECQL5-mediated transcription inhibition
On the basis of these results, we propose two mechanisms for transcription regulation by RECQL5 ( Fig. 7) Although both TFIIS and RECQL5 bind to Pol II with comparable affinities, and TFIIS is much more abundant than RECQL5 in the cell nucleus, colocalization of Pol II and RECQL5 on the same DNA would strongly favor binding of RECQL5, owing to a local concentration effect. The Pol II-TFIIS complex is assumed to be transient, and chromatin immunoprecipitation assays have indeed shown that elongating Pol II is largely TFIIS-free under regular growth conditions 29 , which would again facilitate binding of RECQL5. Furthermore, RECQL5 contains the SRI domain, which specifically interacts with a Ser2-Ser5-phosphorylated CTD of Pol II, a phosphorylation state associated with the elongation stage of transcription 30, 31 . The SRI domain might, therefore, prime RECQL5 for engaging specifically with elongating Pol II by providing an additional tethering site. Thus, the coordinated actions of the helicase, IRI and SRI domains would allow RECQL5 to act as a barrier to elongation that cannot easily be dislodged from the DNA template by the action of TFIIS.
RECQL5 as a transcriptional inhibitor in genomic stability
RECQL5 has been implicated in DNA repair and the maintenance of genomic stability, but its precise functions remain elusive. The helicase activity has been proposed to antagonize the recombinogenic effect of transcription during DNA replication 32 . RECQL5 has also been shown to constitutively associate with the MRN complex through the Mre11 and Nbs1 subunits 10 . Additionally, a recent study has suggested that RECQL5 is involved in the removal of endogenous DNA damage 33 . It is tempting to speculate that in all these processes, the recruitment of RECQL5 to genomic sites undergoing DNA replication or repair could serve to prevent actively transcribing Pol II from entering these regions and interfering with the molecular machineries responsible for DNA replication or repair. However, it remains to be seen whether transcriptional inhibition is the main role of RECQL5 in all these processes or is a separate and secondary function.
Although the IRI domain is necessary for repression, it cannot act in isolation. In turn, the RECQL5 helicase core is required for repression but does not interact with Pol II by itself. These observations, together with our cryo-EM structure of the Pol II-RECQL5 complex, suggest that the repressive function of RECQL5 stems from its concerted interactions with Pol II and the template DNA and point to a model in which the IRI-Pol II interaction serves to position the RECQL5 helicase domain in a way that permits its association with DNA entering the Pol II active site. As a result, RECQL5 localized near a DNA damage site would be poised to capture and stall approaching Pol II elongation complexes.
Inhibition of TFIIS as a general mechanism of repression
Our studies have uncovered a novel mechanism of transcriptional repression by competition with an elongation factor, suggesting that regulation of Pol II elongation may be an important control mechanism in the context of genome maintenance. Despite the crucial role of TFIIS in elongation, one can envision instances in which its stimulatory function is not desirable-for example, when a transcribing Pol II encounters DNA regions undergoing repair, replication or recombination. Competitive inhibition of TFIIS binding to Pol II could therefore offer a safeguarding mechanism for preventing Pol II from clashing with replication forks or the DNA repair machinery. Results from an HHpred search 34 suggest that domains with striking structural homology to TFIIS are present in several proteins that regulate DNA maintenance and repair: PHD finger protein 3 (PHF3), SPOC domain-containing protein 1 (SPOCD1) and death-induced obliterator 1 (DIO-1) in humans, and BYE1 in yeast. BYE1 has been identified as a negative regulator of transcription elongation 35 , but the precise functions of PHF3, SPOCD1 and DIO-1 have not been characterized. PHF3 is phosphorylated upon DNA damage, but its role in DNA repair remains unclear 36 . SPOCD1 is a member of the SPEN domain-containing family of transcriptional repressors that are involved in developmental signaling 37 . DIO-1 induces apoptosis and has been implicated as a putative transcription factor 38 . The TFIIS-like domains in these proteins might allow them to bind Pol II and regulate transcription by occupying the binding site of TFIIS, similar to the mechanism of action we have observed for RECQL5. Transcriptional repression by blocking TFIIS function might therefore be a general mode of elongation regulation in response to different cellular signals that require pausing of the transcription machinery.
METhODS
Methods and any associated references are available in the online version of the paper.
Accession codes. The atomic coordinates and structure factors of RECQL5 KIX have been deposited in the Protein Data Bank under accession code 4BK0. The EM map of elongating Pol II in complex with RECQL5 has been deposited in the EM DataBank under accession code 2367.
ONLINE METhODS
Protein expression and purification. All protein constructs were amplified by PCR and inserted into the pGEX-6P1 expression vector (GE Healthcare) using BamHI and XhoI restriction sites. Proteins were expressed in Escherichia coli BL21-CodonPlus (DE3)-RIL cells (Stratagene) and lysed with a cell disrupter (Avestin). For purification of RECQL5 515-620 , clarified lysate was loaded onto a Glutathione-Sepharose 4 Fast Flow column (GE Healthcare) equilibrated in buffer containing 20 mM Tris (pH 8.0), 100 mM NaCl and 1 mM DTT. The GST tag was cut with PreScission protease during dialysis. The sample was further purified using HiTrap SP HP and Superdex 75 columns (GE Healthcare). RECQL5 1-620 was purified using GST, HiTrap Heparin HP, and Superdex 200 columns (GE Healthcare) in buffer containing 20 mM Tris (pH 8.0), 150 mM NaCl, 10% glycerol and 1 mM DTT.
Point mutants of the RECQL5 IRI domain (residues 490-620) were generated using the Quikchange Site-directed Mutagenesis Kit (Stratagene). GST-tagged wild-type IRI as well as mutant proteins and the GST tag by itself were purified using glutathione-Sepharose and Superdex 200 columns.
Human TFIIS constructs were purified using a glutathione-Sepharose column in buffer containing 20 mM Tris (pH 8.0), 100 mM NaCl, 5% glycerol, 10 µm ZnCl 2 , 1 mM DTT. GST fusion proteins were further purified on a Superdex 200 column. For purification of tag-free TFIIS, the GST-tag was cleaved with PreScission protease and the sample purified on HiTrap SP HP and Superdex 200 columns.
Human Rpb1 1168-1302 was codon optimized for expression in E. coli (GeneArt) and purified on a glutathione-Sepharose column in buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 5% glycerol, 1 mM DTT. GST fusion proteins were further purified on a Superdex 200 column. For purification of tag-free Rpb1, the GST tag was cleaved with PreScission protease. The sample was further purified using a Q column, a subtractive glutathione-Sepharose step and a Superdex 75 column.
Preparation of human apo-Pol II and elongating Pol II in complex with
RECQL5. Human Pol II was prepared as described previously 39 . To prepare the sample containing Pol II engaged to a transcription bubble and stalled by RECQL5, an artificial transcription bubble was created by aligning synthetic template DNA (5′-ctcaagtacttacgcctggtcattacta-3′), nontemplate DNA (5′-tag taaactagtattgaaagtacttgagcttagacagcatgtc-3′) and RNA (5′-uauaugcauaaagac caggc-3′). Pol II was sequentially incubated with a ten-fold molar excess of the transcription bubble and a 10-fold molar excess of RECQL5 1-620 D157A during the last purification step when Pol II was immobilized on a protein G affinity column. After elution, the sample was diluted to a concentration of ~120 nM and cross-linked with 0.02% glutaraldehyde for 10 min.
Electron microscopy sample preparation and data collection. For negative-stain analysis, continuous carbon grids were glow discharged using a Solarus plasma cleaner (Gatan). To allow complex formation between Pol II and RECQL5 1-620 , a two-fold molar excess of RECQL5 1-620 was incubated with Pol II in buffer containing 10 mM Tris (pH 7.9), 10 mM HEPES (pH 8.0), 4 mM MgCl 2 , 50 mM KCl, 1 mM DTT, 0.05% NP-40, 0.1% trehalose, 1 mM AMPPNP, for 30 min on ice.
For the sample of cross-linked RECQL5 bound to elongating Pol II, the sample was diluted in transcription buffer (20 mM HEPES (pH 8.0), 4 mM MgCl 2 , 50 mM KCl, 0.05% NP-40, 1 mM Tris-(2-carboxyethyl)phosphine (TCEP)) before 4 µl solution (containing ~15 nM Pol II) was incubated on the EM grid for 20 s. After blotting with filter paper, the grid was subsequently laid on five 75-µl drops of 1% (w/v) uranyl formate solution. For cryo-EM analysis, 4 µl sample (containing ~60 nM Pol II) were placed onto C-flat grids (Protochips Inc.) that had a thin carbon film floated on top. Samples were incubated in the chamber of an FEI Vitrobot at 6 °C for 20 s on grids that had been glow discharged for 40 s in an Edwards carbon evaporator before blotting for 2 s at an offset of 0 mm. Data were collected on a Tecnai 20 transmission electron microscope (FEI) operating at 120 kV at ×80,000 for negative stain and ×100,000 for cryo-EM data collection under low-dose conditions (20 e − / Å 2 ) using Leginon 40 . Images were recorded on a Gatan 4,000 × 4,000 pixel camera with a final pixel size of 3.01 Å and 2.31 Å, respectively.
Electron microscopy data processing. Particles were picked automatically using DoG picker 41 . Reference-free 2D class averages were obtained using iterative multivariate statistical analysis (MSA) and multi-reference alignment (MRA) 42 . For the Pol II-RECQL5 1-620 negative stain data set (un-cross-linked), 59,168 particles were extracted using a box size of 288 × 288 pixels, decimated by a factor of two, normalized and phase flipped. Pixels that deviated by more than 4.5 sigma were additionally normalized using XMIPP 43 . For the uranyl formate-stained data set of cross-linked elongating Pol II in complex with RECQL5, aggregates and particles that were too close to each other were eliminated on the basis of reference-free 2D class averages, yielding a final data set of 55,509 particles. Iterative projection matching was performed using libraries from the SPARX and EMAN2 image-processing packages 44, 45 . During the first round of projection matching, three identical models of a cryo-negative stained human Pol II reconstruction 46 , low-pass filtered to 60 Å, were used as starting models and allowed us to further sort the particles. Particles included in the reconstruction of model 1 yielded a model at ~20-Å resolution that showed clear additional density close to the downstream cleft, whereas the other two models remained at low resolution during refinement (28 Å and 42 Å, respectively). The particles selected for model 1 were extracted for further refinement. Angular increments for projection matching started at 25° and were reduced stepwise to 6°. The model was refined to ~17-Å resolution according to the 0.5 cutoff in the FSC curve.
For the cryo-EM data set of cross-linked elongating Pol II in complex with RECQL5, low-pass filtered models of model 1 and model 2 obtained from the negative-stain data set were used as initial models for projection matching to sort the data set, yielding a final stack containing 121,416 particles. The model was refined to ~13-Å resolution according to the 0.5 FSC cutoff, and was filtered with bsoft to local resolution 47 . Crystal structures were docked into the density manually with Chimera 48 .
Crystallization and data collection. Crystals of the RECQL5 KIX domain were grown at 20 °C in 2-µl hanging drops containing equal volumes of the protein solution at 25 mg/ml and a reservoir solution consisting of 0.2 M NaCl, 0.1 M sodium-potassium phosphate (pH 6.2), and 50% polyethylene glycol (PEG) 200. Crystals were transferred into Al's Oil (Hampton Research) and flash cooled in liquid nitrogen. Crystals were of the orthorhombic space group P2 1 2 1 2 1 and contained two molecules in the asymmetric unit. The structure was solved using single-wavelength anomalous dispersion using X-ray diffraction data from crystals soaked in mother liquor supplemented with 0.5 M potassium iodide for 30 s before cryoprotection and flash cooling. Native and anomalous X-ray diffraction data were collected at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory (LBNL), beamline 8.3.1. Diffraction data were processed using XDS 49 .
Crystal structure determination and refinement. The positions of iodine sites were determined using SHELXD 50 . Phases were calculated using AutoSharp 51 and improved by solvent flipping using Solomon (as implemented in AutoSharp). Iterative model building and refinement were carried out with the programs Coot 52 and Phenix 53 . The final model of the RECQL5 KIX domain contains residues 523-614 for chain A and residues 524-620 for chain B. The model was refined to 1.9 Å and has an R cryst of 20.14% and an R free of 23.36%. Assessment with MolProbity 54 showed no Ramachandran outliers and 99.5% of all residues within favored regions of the Ramachandran plot. Figures were generated using PyMOL (http://www.pymol.org/). Transcription assay. The dC-tailed H3F3A (encoding histone H3.3) intron template was prepared by digestion of the pGEMTerm plasmid (obtained from C. Kane) as described previously 20, 27 . Reactions (15 µl) in transcription buffer (25 mM HEPES (pH 7.9)), 100 mM KCl, 5 mM MgCl 2 , 5% glycerol, 6 mM spermidine, 1 mM DTT, 1U RNasin Plus, 800 µM each of GTP, UTP and ATP) contained 20 µg/ml dC-pGEMTerm, 0.8 pmol human Pol II, 4 or 40 pmol RECQL5, or an equivalent amount of buffer. After the addition of 1 µl [α-32 P]CTP (0.01 µM), reactions were incubated for 3 min at 30 °C. Following the addition of 3.5 µl chase buffer (25 mM HEPES (pH 7.9)), 100 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 800 µM each of GTP, UTP and ATP, 4.8 mM CTP), incubation at 30 °C was continued. After incubation for 10 min, samples were digested with proteinase K for 15 min at 30 °C before the addition of formamide loading buffer (20 mM EDTA, 5% glycerol, 0.02% SDS, bromophenol blue in formamide). RNA transcripts were resolved on 6% polyacrylamide, 7 M urea gels, and visualized by phosphorimaging (Storm Scanner, GE Life Sciences). 
